A polymorphism in the mu-opioid receptor (MOR) (A118G) has been shown to increase b-endorphin binding affinity, theoretically placing greater inhibitory tone on hypothalamic corticotropin-releasing hormone (CRH) neurons. We hypothesized that the minor allele (G) would predict cortisol responses to both pharmacological (naloxone) and psychological (stress) activation of the hypothalamicpituitary-adrenal (HPA) axis. Healthy subjects (mean age 25.2 years, SD 9.2 years) completed a naloxone challenge (n ¼ 74) and/or the modified Trier Social Stress Test (TSST) (n ¼ 86). For the naloxone challenge, two baseline blood samples were obtained. Then, five increasing doses of i.v. naloxone were administered at 30-min intervals and 12 additional blood samples were collected at 15-min intervals. The TSST consisted of 5-min of public speaking and 5-min of mental arithmetic exercises. Three baseline and five post-TSST blood samples were drawn. Both the naloxone and TSST groups had significant adrenocorticotropin (ACTH) and cortisol responses to their respective challenges (Po0.001). There were no differences in baseline ACTH, baseline cortisol, or ACTH response by genotype in either the naloxone or the TSST group. Among subjects expressing a G allele, there was a higher cortisol response to naloxone (P ¼ 0.046), but a lower cortisol response to the TSST (P ¼ 0.044). In conclusion, the minor allele (G) was associated with a robust cortisol response to naloxone blockade, but a blunted response to psychosocial stress. We speculate that increased opioid avidity of the minor allele receptor contributes to the differential response to naloxone vs stress.
INTRODUCTION
Activation of the hypothalamic-pituitary-adrenal (HPA) axis is an important adaptive mechanism that enables the human body to return to homeostasis in response to physiological and psychosocial stressors. Cortisol, which is an end product of this activation, affects almost all physiological processes, including cardiovascular function, immune function, metabolism, cell growth, and HPA axis regulation. Chronic HPA axis dysregulation has been shown to contribute to a number of medical disorders including obesity, insulin resistance, hypertension, dyslipidemia, atherosclerosis, osteoporosis, and immune dysfunction (McEwen, 1998; Tsigos and Chrousos, 2002) . It is also implicated in several psychoaffective disorders, including depression and alcoholism (Gianoulakis, 1998; Lee et al, 2002; Sapolsky, 2000) .
The magnitude of HPA axis activation is regulated by the interaction of environmental and genetic determinants. Estimations of the heritability of cortisol responses to psychosocial stress range from approximately 33 to 97% (Federenko et al, 2004) . Such moderate to high heritability has motivated a search for genes governing HPA axis dynamics. A candidate in this regard is the mu-opioid receptor (MOR) gene.
In recent years, investigators have identified numerous polymorphisms in the MOR gene. One such polymorphism of interest is the A118G single nucleotide polymorphism (SNP) in exon 1 of the MOR gene. This SNP results in an Asn40Asp substitution in the extracellular N-terminal domain of the MOR, and presumably the loss of a glycosylation site (Bergen et al, 1997; Bond et al, 1998; Mestek et al, 1995) . An in vitro study demonstrated that the expression of the Asp40 allele causes a three-fold increase in binding affinity to b-endorphin and enhances G protein-coupled potassium channel activation. However, a subsequent study did not replicate these findings (Beyer et al, 2004; Bond et al, 1998 ).
There have been several studies highlighting the pharmacogenetic significance of the A118G SNP. For instance, we previously showed that this polymorphism is associated with enhanced cortisol response to opioid blockade by naloxone . This finding was replicated by Hernandez-Avila et al (2003) . Additionally, Lotsch et al (2002) demonstrated that the expression of the G allele is associated with a decreased pupillary constriction to an opioid agonist. Also, Oslin et al (2003) showed that alcoholdependent persons carrying the G allele are more likely to respond to treatment with the opioid antagonist, naltrexone, than those homozygous for the A allele.
There is interest not only in investigating the pharmacogenetic significance of this polymorphism, but also in elucidating any influence it may have on neurobiological processes. One neurobiological process which may be modified by the A118G polymorphism is the HPA axis response to stress. Hypothalamic corticotropin-releasing hormone (CRH) neurons, which effect glucocorticoid release by stimulating pituitary adrenocorticotropin (ACTH) secretion, are directly and indirectly inhibited by b-endorphin-producing neurons via the MOR (Johnson et al, 1992) . Both exaggerated and blunted HPA responses to stress have been associated with certain affective illnesses (Bremner et al, 2003; Heim et al, 2001; Peeters et al, 2003) . What is more, studies have suggested that opioids play an important role in response to stress, motivation, and numerous psychiatric entities such as depression, anxiety, and substance dependence (Djurovic et al, 1999; Drolet et al, 2001; Kieffer and Gaveriaux-Ruff, 2002; King et al, 2002; Kreek and Koob, 1998; Vaccarino and Kastin, 2000; Van Ree et al, 2000) . Also, the minor allele of the A118G MOR polymorphism has a frequency as high as 0.489 within racial groups (rs1799971 (http://www.hapmap.org/)), so the potential functionality of this SNP is of particular interest.
The purpose of the present study was two-fold. First, we aimed to replicate our original finding with a larger sample size. Therefore, we investigated whether the A118G MOR polymorphism predicted cortisol responses to activation by naloxone. Second, given the pathophysiological significance of aberrant cortisol exposure and how it is influenced by genetics, we were also motivated to seek a potential contribution of the A118G SNP to the glucocorticoid response to stress. We hypothesized the A118G MOR polymorphism would also predict cortisol response to psychological stress. To this end, we administered a standardized psychosocial stress test to healthy male and female subjects and measured their ACTH and cortisol responses.
MATERIALS AND METHODS

Recruitment
Our study was conducted between the years 2000 and 2004. Healthy males and females from the Baltimore area between the ages of 18 and 65 years were recruited by newspaper advertisements. After being screened by a telephone interview, eligible individuals were invited for an interview at the study center. For each subject, written informed consent was obtained for the protocol, which had been approved by the Johns Hopkins University School of Medicine Institu- (Bucholz et al, 1994) was administered by a master's degree-level interviewer to identify DSM-IV axis I psychiatric diagnoses. The Fagerstrom test was used to determine nicotine dependence (Richardson and Ratner, 2005) .
Exclusion criteria were as follows: presence of a serious medical condition; presence of a DSM-IV axis I disorder (including alcohol or drug dependence); nicotine dependence; use of any psychoactive medications within the past 30 days; treatment in the last 6 months with any medication that may affect opioid or HPA axis function, including antidepressants, neuroleptics, sedative hypnotics, glucocorticoids, appetite suppressants, estrogens, opiates, or dopamine medications; presence of a seizure disorder; history of closed head trauma; consumption of more than 30 alcoholic drinks per month; positive urine toxicology screen; or, for females, pregnancy or lack of an effective nonhormonal method of birth control.
All females were premenopausal and were required to keep menstrual diaries. Females were studied during the follicular phase, which was defined as the first 12 days of the menstrual cycle counting from the first day of menstrual bleeding.
A total of 86 subjects participated in the modified Trier Social Stress Test (TSST) and 74 subjects participated in the naloxone challenge portion of the study. Of these subjects, 43 underwent both the naloxone challenge and the TSST. Thus, there were 117 subjects in all.
General Procedure
After completing the initial assessment interview, subjects reported to the Johns Hopkins Hospital Outpatient General Clinical Research Area to complete the naloxone challenge and/or the TSST. For the subset of subjects who were to undergo both challenges, one challenge was completed on 1 day, and the other challenge on a separate day within a week. The order in which the challenges were completed was randomized. Subjects were instructed to record any stressful events in the week before and to sleep adequately the night prior to participating in the challenges. They were also requested to refrain from any alcohol, illicit drugs, or over-the-counter medications for 48 h prior to participating in the study protocol. Urine toxicology screens were completed before each session. On the day of each challenge, subjects fasted from 1000 hours until testing was completed. All procedures were performed under the same conditions for each subject, with the same study personnel and in the same study room.
Naloxone Challenge
For the naloxone challenge, subjects received five doses of naloxone according to the one day, single-session protocol reported by Mangold et al (2000) . At 1200 hours, an intravenous catheter was placed in a forearm vein. After 45 min (time À15 min) and 60 min later, blood was drawn to establish baseline ACTH and cortisol concentrations. A bolus of 0.9% saline was then immediately administered as a placebo; this was designated as time 0 min. Naloxone dissolved in 0.9% saline was administered at 30, 60, 90, and 120 min. In all, a total of five increasing doses of naloxone were administered (0, 50, 100, 200, and 400 mg/kg). Blood was drawn at 15, 30, 45, 60, 75, 90, 105, 120, 135, 150, 165 , and 180 min.
Trier Social Stress Test
The TSST was completed as previously described (Uhart et al, 2004) . This protocol was based on the original protocol by Kirschbaum et al (1993) . An intravenous catheter was placed at 1200 hours and 1 hour later three blood samples were drawn at 15-min intervals to establish baseline ACTH and cortisol concentrations. Subjects listened to audiotaped instructions for 5 min, then given 10 min to mentally prepare for their performance task, then 5 min to complete a public speaking task, and finally 5 min to complete a mental arithmetic task. Immediately following completion of these tasks, five more blood samples for ACTH and cortisol were obtained at 15-min intervals.
Hormone Assays
Plasma ACTH concentration was measured by the Nichols immunoradiometric assay. Intra-assay and inter-assay coefficients of variance were each less than 9%. Plasma cortisol concentration was assayed by radioimmunoassay (Diagnostic Products Corporation, Inc., Los Angeles, CA). Intra-assay and inter-assay coefficients of variance were 6 and 8.5%, respectively.
Determination of Genotypes
Genomic leukocyte DNA was extracted from whole blood by the Puregene DNA isolation method (Gentra Systems Inc.). For 32 of the 117 subjects, genotyping was performed using PCR followed by denaturing gradient gel electrophoresis according to our previously described protocol . For the remaining 85 subjects, genotyping was performed by fluorescent melting curve analysis using a LightCycler (Roche Diagnostics). Primers and probes were obtained from Roche. Sequences from exon 1 of the human MOR gene were used to design PCR primers and hybridization probes for the amplification of a portion of DNA containing the A118G polymorphism. The forward primer used was 5 0 -GATGCCTTGGCGTACTC-3 0 , and the reverse primer used was 5 0 -ATGGCCGTGATCATGGA-3 0 . The sensor probe was 5 0 -CGGACCGCATGGGTCGG-3 0 -fluoroscein. The anchor probe was LightCyclerRed 640-5 0 -AGGTCGCCATCTAAGTGGGACAA-3 0 -phosphate. The reactions were performed in a total volume of 20.0 ml in LightCycler glass capillaries. The reaction mixture consisted of 11.4 ml of distilled water, 1.6 ml of MgCl 2 (25 mM), 1.0 ml of each primer (10 mM), 1.0 ml of the sensor probe (4 mM), 1.0 ml of the anchor probe (8 mM), 2.0 ml of LightCycler DNA-Master Hybridization Probes (Roche Diagnostics), and 1.0 ml of genomic DNA (100-500 ng). PCR conditions were as follows: denaturation at 951C for 10 min, followed by 45 cycles of denaturation at 951C for 10 s, annealing at 601C for 10 s, and extension at 721C for 10 s.
Following amplification, melting curve analysis was performed with denaturation at 951C for 15 s, annealing at 501C for 30 s, and increasing the temperature to 801C at a rate of 0.31C/s. Cooling was performed at 401C for 30 s. The fluorescence emitted was measured and the melting curve (F/T) was converted to melting peaks (-dF/dT) by LightCycler software.
Statistical Analysis
Preliminary analyses included evaluation of genotype group differences (AA vs AG and GG) in demographic characteristics with t-tests for continuous variables (age, body mass index (BMI), and level of education) and w 2 analyses for categorical variables (gender, race, and smoking status). The major outcomes of interest were ACTH and cortisol concentrations following the naloxone challenge and the TSST. ACTH and cortisol measurements were transformed to the logarithmic scale because of non-normality. The mean baseline for each hormone was calculated by taking the average of the baseline measurements (À30, À15, and 0 min time point for the TSST measurements and À15 and 0 min time point for the naloxone challenge measurements). The mean baseline differences in ACTH and cortisol concentration between genotype groups were also analyzed by t-tests.
We then carried out three different types of analyses to assess the effect of genotype on ACTH and cortisol responses in each of the two challenge groups. For each analysis, we incorporated gender, age, race, BMI, and level of education in the model to adjust for demographic differences in both the naloxone challenge and TSST groups. Level of education was used as a proxy of socioeconomic status. We controlled for socioeconomic status because of its relationship with stress-related hormones (Kunz-Ebrecht et al, 2004; Steptoe et al, 2003) . BMI was added because a pharmacologic agent was administered. Baseline hormone values were also added to each model because baseline hormone values were consistently highly correlated with maximum hormone responses (ACTH in naloxone challenge group: r ¼ 0.61, Po0.001; cortisol in naloxone challenge group: r ¼ 0.62, Po0.001; ACTH in TSST group: r ¼ 0.71, P-value o0.001; cortisol in TSST group: r ¼ 0.56, P-value o0.001).
First, we performed longitudinal data analysis. Each hormone measurement at each time point was treated as the outcome in the generalized linear model using generalized estimating equations (GEE) to take into account the within-individual correlation residuals arising from repeated measurements for each individual (Zeger and Liang, 1986) . The model included genotypic effect on hormonal measurements as the major covariate of interest, time, and time 2 to adjust for nonlinear time trend. Second, we conducted post-hoc regression analyses to evaluate the genotypic effect on differences in hormone response at each time point. Third, we carried out area under the curve (AUC) analyses. ACTH and cortisol AUC values for two genotype groups were computed by using the trapezoid algorithm, and the effect of genotype on differences in the AUC were assessed by using the generalized linear model. The analyses were two-sided with a 0.05 significance level and were performed by using the software, STATA 8.0. Finally, we plotted the adjusted means of ACTH and cortisol concentrations to the two challenges against time by genotype. The adjusted mean values were calculated based on estimated mean values of all covariates in the models.
RESULTS
Demographic and genotypic information for the subjects undergoing the naloxone challenge (n ¼ 74), and modified TSST (n ¼ 86) are in Table 1 . There was only one subject in the study with the GG genotype. This subject underwent the naloxone challenge and was grouped with the subjects with the AG polymorphism for subsequent statistical analyses. There were no statistically significant differences between genotypes in terms of sex, race, smoking status, age, BMI, or level of education.
Naloxone Challenge
By longitudinal analysis using GEE, the naloxone challenge subjects as a group had significant ACTH and cortisol responses to naloxone (Po0.001 for each). ACTH and cortisol concentrations did not differ at baseline or following placebo by genotype. Compared to those homozygous for the A allele, subjects with the G allele had no significant difference in ACTH response, but did have a significantly greater cortisol response (P ¼ 0.046) to naloxone (Figure 1a and b) . Similarly, ACTH response by AUC analysis was not different by genotype, but subjects carrying the G allele had a significantly greater AUC cortisol response (P ¼ 0.041).
Modified TSST
By longitudinal analysis using GEE, the TSST subjects as a group had significant ACTH and cortisol responses to the TSST (Po0.001 for each). ACTH and cortisol concentrations did not differ at baseline by genotype. Compared to those homozygous for the A allele, subjects with the G allele had no significant difference in ACTH response, but did have a significantly lower cortisol response (P ¼ 0.044) to the TSST (Figure 2a and b) . ACTH response did not differ between genotype groups by AUC analysis. The AUC cortisol response of the G-allele group was less than that of the group homozygous for the A-allele with marginal statistical significance (P ¼ 0.058).
DISCUSSION
The present study demonstrated that individuals expressing the minor allele (G) of the A118G MOR polymorphism had an exaggerated cortisol response to naloxone compared to subjects expressing only the major allele. Thus, in this study, we reproduced our earlier results . Furthermore, we observed that subjects expressing the G allele of the SNP had a blunted cortisol response to psychosocial stress. Our results suggest that the A118G In all, 43 subjects in the naloxone challenge group also belonged to the TSST group. Thus, 31 subjects belonged only to the naloxone challenge group, and 43 belonged only to the TSST group. There were a total of 117 subjects in all.
b
Smokers smoked equal to or less than 10 cigarettes per day and did not meet criteria for tobacco dependence.
A118G mu-opioid receptor SNP and HPA axis RY Chong et al MOR SNP exerts not only a pharmacogenetic effect on naloxone-induced activation of the HPA axis, but also an effect on HPA axis activation by stress. However, the genotype effect on TSST cortisol responses was modest and requires replication. To our knowledge, this study is the largest one to date examining the relationship between the A118G MOR SNP and glucocorticoid response to naloxone. Hernandez-Avila et al (2003) reported a similar association between cortisol response to naloxone and the G allele of this SNP in 30 healthy subjects . Prior to these findings, it had been shown that higher cortisol responses to naloxone are more likely in those with a family history of alcoholism (Hernandez-Avila et al, 2002; Wand et al, 2001) . Given that altered cortisol responses to stress are observed in patients at risk for affective illness and alcoholism and in those suffering from substance abuse disorders (Dai et al, 2002; Modell et al, 1998; Wand et al, 2001) , it is interesting that there is evidence (albeit conflicting) for the association between the A118G MOR SNP and alcohol and opioid dependence. Several human studies have suggested that the 118A allele may be a risk factor for opiate and other drug addiction. (Bond et al, 1998; Schinka et al, 2002; Tan et al, 2003; Town et al, 1999) . Conversely, it has been reported that the 118G allele is more common in opioid-dependent (Szeto et al, 2001 ) and alcohol-dependent (Bart et al, 2005) individuals, and is associated with heavier drinking (Kim et al, 2004) . A recent study demonstrated that this minor allele was linked to more robust subjective responses to alcohol and a positive family history of alcohol use disorders among healthy subjects (Ray and Hutchison, 2004) . Still, other studies have found no association between this polymorphism and substance dependence (Bergen et al, 1997; Compton et al, 2003; Crowley et al, 2003; Franke et al, 2001; Gelernter et al, 1999; Hoehe et al, 2000; Ide et al, 2004; Loh et al, 2004; Luo et al, 2003; Sander et al, 1998; Shi et al, 2002) . Also, Luo et al (2003) found that while haplotypes at the OPRM1 locus are associated with substance abuse, the A118G polymorphism did not contribute any further information.
While there is evidence for the pharmacological significance of the A118G MOR polymorphism, its physiological impact on the HPA axis stress response has been unclear. Our findings, as far as we know, are the first to demonstrate that the G allele of the A118G MOR polymorphism is associated with a blunted HPA response to psychosocial stress in humans. Even a small difference in cortisol A118G mu-opioid receptor SNP and HPA axis RY Chong et al responses to psychological stress by genotype could result in substantial divergence in lifetime cortisol exposure and allostatic load (McEwen, 1998) . Our results are consistent with a recent study in the non-human primate literature by Miller et al (2004) . They found that the minor allele of the C77G MOR polymorphism in the rhesus monkey is associated with lower basal and ACTH-stimulated cortisol levels, and higher aggression. Similar to the A118G SNP in the human MOR, this SNP results in an amino-acid exchange in the N-terminus of the rhesus monkey MOR and confers a greater affinity for b-endorphin. Why might the A118G MOR polymorphism confer an exaggerated cortisol response to opioid receptor blockade with naloxone, but a dampened response to psychosocial stress? The hypothalamic CRH neurons receive direct inhibitory input from b-endorphin-producing neurons located in the arcuate nucleus. In addition, b-endorphinproducing neurons inhibit norepinephrine neurons, which provide direct stimulatory input to hypothalamic CRH neurons (Jackson et al, 1990) . One could posit that compared with individuals expressing only the A allele, persons expressing the G allele (and hence a higher-affinity MOR) have higher inhibitory opioidergic tone directed at CRH neurons. Therefore, upon naloxone blockade, they experience a more dramatic rebound in cortisol levels. However, a receptor with enhanced binding affinity for bendorphin results in a different hormonal pattern when the HPA axis is activated by psychological stress. Specifically, the more opioid-avid MOR (G allele) places increased inhibitory tone on CRH neurons, thus dampening cortisol responses to psychological stress.
Seeming to contradict this proposed hypothalamic mechanism is the observation that differences between genotypes in both the naloxone challenge and TSST groups were observed in only the cortisol response, and not the ACTH response. It may have been that our study was underpowered to detect a significant difference in ACTH response by genotype. On the other hand, one could speculate that the G allele induces a gradual increase in HPA axis activity. This change would begin at the hypothalamus and ultimately be reflected at the adrenocortical level in increased cortisol concentrations. This alteration in HPA axis dynamics, however, may not be obvious at the hypothalamic-pituitary level as a result of negative feedback by cortisol on ACTH release. Alternatively, the lack of a genotype effect on ACTH response in the naloxone challenge could be explained by a direct action of naloxone on adrenal gland opioid receptors. Such an action could affect cortisol production or release independent of ACTH. Indeed, one study demonstrated that opioid peptides stimulate corticosterone secretion by inner zone cells of the rat adrenal cortex in vitro, and that this effect is blocked by naloxone (Kapas et al, 1995) . We should also be clear that our findings, regardless of where it is affecting HPA axis function, may not be the result of the A118G SNP itself. Instead, this proposed functional polymorphism, which exists as part of a 55 kb haplotype block, may be merely a marker for a haplotype which influences MOR function or expression (http://www.broad.mit.edu/mpg/haploview/).
There are several weaknesses to our study. For one, it would have been ideal to have a larger sample size and then analyze only subjects who completed both the naloxone challenge and the TSST, thereby reducing hormone variability. In a within-subject design, hormone differences between genotypes most likely would have been even more dramatic. It is also conceivable that the timing of cortisol measurements following the TSST may have missed peak responses, and that a greater genotypic effect could have been observed had we chosen a different set of time points to collect poststress hormone samples. Furthermore, population stratification (ie, differences in allele frequencies between groups arising from systematic differences in ancestry instead of association of genes) could have confounded our results. Adjusting for demographic characteristics in our statistical models likely mitigated bias induced by any population stratification. Nevertheless, we could not control for gene-based population stratification by using, for instance, genomic controls. Additionally, it may have been desirable to control for other factors affecting HPA axis response in our analysis, such as early adverse events and personality. Finally, our findings are based on laboratory-based settings rather than real-life situations. It is important to know whether the G allele would predict cortisol responses to other types of stressors.
In conclusion, the 118G MOR gene allele is associated with a robust HPA axis response to naloxone blockade, but a blunted response to psychosocial stress. Further laboratory studies are needed to assess the specific neurotransmitter and hormonal pathways responsible for these phenomena.
